Introduction
An emulsion is a kind of colloidal suspension composed of a liquid dispersed throughout another liquid, like oil droplets in water. Emulsion products have been widely used in medicines, cosmetics, paint and food industries.
However, phase separations occur in emulsions because of thermodynamical instability. Because of this, the stability of an emulsion is one of the important properties of products, and a precise estimation of the stability of an emulsion is widely needed in the sense of quality control and/or developing new products.
So far, various techniques have been known to check the stability of emulsions, such as the outward appearance by naked eye or with a microscope, an accelerated test using hightemperature retention or centrifugation. [1] [2] [3] [4] Also, there are some reports concerning a change in the emulsion using a spectrometric technique, 5, 6 DSC, 7 photoacoustic spectrometry, 8, 9 A.C. impedance measurements, 10 light scattering, 11 and the quartz crystal microbalance method. 12, 13 On the other hand, we have already reported on a highfrequency spectroscopy which is useful for understanding the structural or bound-state changes of water mixed with alcohol, polyoxyethylene, and poly ether polyol. [14] [15] [16] [17] As we explained in previous reports, high-frequency spectroscopy can detect the state of hydrogen bonding in substances as a change in the resonance frequency of the absorption peak. Thus, it can be noted that this method is useful to detect state change of emulsions which occur through the influence of solvation at the surface, aggregation, and the coalescence of dispersed particles.
In this study, we performed high-frequency measurements for emulsions which were prepared under several conditions, and observed good relations between the stabilities of the emulsion and the rates of shifts of the resonance frequencies.
Experimental

Reagents
Liquid paraffin (Kanto Chemical, special grade) was used as the oil phase. The water used to prepare samples was purified by a Milli-Q Academic A10 system (18.2 MΩ). The emulsifier employed in this work was a mixture of sorbitan monostearate (Nikko Chemicals, SS-10) and POE(20) sorbitan monostearate (Nikko Chemicals, TS-10) of the same quantity. The structures of these emulsifiers are shown in Fig. 1 .
Preparation
To prepare an o/w type emulsion, we employed the Agent-inOil method. 2 -20 wt% (0.1 -1.0 g) of emulsifier was added to 5.0 g of liqud paraffin. This mixture was heated up to 75˚C, and 44.5 g of water warmed to the same temperature was slowly added to the oil phase with stirring. Stirring was accomplished by using a mechanical mixer with a rotation speed of about 7000 rpm. After adding water, ultrasonication (45 kHz, 100 W) was performed under simultaneous stirring with mixer for 30 min. These mixtures were left standing until the temperature became 35˚C. We obtained o/w type emulsions as the measurement samples.
Measurements
High-frequency spectroscopic measurements were performed with same setup reported in previous reports. Samples were taken into 50 mL of polyethylene bottles, and the high- High-frequency spectroscopy has been applied to monitoring the stability of oil-in-water emulsions. It was found that stable emulsions showed absorption peaks at around 550 MHz; further, they shifted from lower to higher frequencies with time. The rate of increase of the frequencies was dependent on the amount of emulsifier added. These results show that the stability of emulsions can be monitored by the amount of the frequency shift. 
Results and Discussion
In Fig. 2 , high-frequency spectra of emulsions soon after preparation by adding various amount of emulsifier are shown. For a comparison, the spectrum of pure water at the same temperature (35˚C) is shown. As can be seen in the figure, the emulsion prepared by adding 2 wt% of an emulsifier showed an absorption peak at around 700 MHz. Because this emulsion was found to be separated into oil and water phases in quite a short time after preparation, it was concluded that a stable emulsion was not formed in this case. On the contrary, emulsions prepared by adding 4 -20 wt% of an emulsifier showed absorption peaks at around 550 MHz, suggesting that stable emulsions were formed in these cases. No visible separations were observed within several days after preparation. From these results, it may be considered that once the o/w type emulsion is stably prepared, it shows a characteristic peak at around 550 MHz, independent of the amount of emulsifier added. Further, it may be understood that the peaks shift to a higher frequency if the emulsion begins to separate as seen in the case of an emulsion with 2 wt% emulsifier added.
Based on these results and considerations, the change in the high-frequency spectra was recorded at 35˚C for an emulsion prepared with 10 wt% of an emulsifier. The results are shown in Fig. 3 . The peak at around 540 MHz was observed just after the preparation shifted to a higher frequency with the progress of time, and finally to around 710 MHz in 12 days. The peak position at 710 MHz is very close to that observed for a separated sample, which was prepared by the addition of a 2 wt% emulsifier. Figure 4 shows the change in the resonance frequency for emulsions with a 2 -20 wt% emulsifier added as a function of time during the stored period. Resonance frequencies were observed at between 540 -840 MHz, where it was observed that the amount of shift from the lower to higher frequencies increased with the stored time. Further, the rate of increase in the frequency was found to decrease with the amount of emulsifier added.
The reason why the absorption (peak) shifted to a higher frequency region is considered to be because the relative ratio of oil to water increased in the upper layer of the emulsion sample, where the electrode of detecting resonance was dipped. The oil droplets in the emulsions soon after preparation were very fine and homogeneously dispersed in the emulsion. In such a situation, because the amount of oil phase in the electrode condensor is relatively small, the permittivity of the emulsion sample mainly reflects a larger contribution from the water phase, giving a resonance peak at a lower frequency. With the progress of separating of the emulsion, the oil droplets tend to coalesce and move to the upper layers of the sample, where the electrode is inserted. In addition to these points, a higher rate of shift to higher frequency was observed for emulsions with a smaller amount of emulsifiers at the time of preparation. This can be reasonably understood as follows: the size of oil droplets in the emulsions became smaller and had a smaller chance for coalescence and/or creaming by the addition of a larger amount of emulsifier, and consequently took a longer time to move to the upper layer of the solution. These results were in good agreement with those of A.C. impedance measurements. 10 
758
ANALYTICAL SCIENCES MAY 2003, VOL. 19 Fig. 2 Relationship between the high-frequency spectra of the emulsions and the amount of emulsifier. Fig. 3 Change in the high-frequency spectra with respect to time for an emulsion prepared with 10 wt% emulsifier. Fig. 4 Influence of the amount of emulsifier on the resonancefrequency behavior.
